Abstract -Microgrids offer several reliability benefits, such as the improvement of load-point reliability and the opportunity for reliability-differentiated services. The primary goal of this work is to investigate the impacts of operating condition on the reliability index for microgrid system. It relies on a component failure rate model which quantifies the relationship between component failure rate and state variables. Some parameters involved are characterized by subjective uncertainty. Thus, fuzzy numbers are introduced to represent such parameters, and an optimization model based on Fuzzy Chance Constrained Programming (FCCP) is established for reliability index calculation. In addition, we present a hybrid algorithm which combines scenario enumeration and fuzzy simulation as a solution tool. The simulations in a microgrid test system show that reliability indices without considering operating condition can often prove to be optimistic. We also investigate two groups of situations, which include the different penetration levels of microsource and different confidence levels. The results support the necessity of considering operating condition for achieving accurate reliability evaluation.
Introduction
Microgrid reliability evaluation is a well-established tool to measure the ability of a microgrid of withstanding random failure events in a long-term period. Reliability indices achieved are important parameters in microgrid planning and operation.
The potential benefit of microgrids in grid reliability improvement is an important advantage as pointed out in [1, 2] . However, it is not always true that the reliability of power supply to all customers can be improved. While micro-source (μS) may greatly increase power supply reliability for its owner, it may degrade the reliability index and the power quality of other customers on the same feeder [3] .
Reliability indices are defined to measure the ability of continuous power supply to customers. There are significant differences between microgrid and distribution system in structure [4] . Thus, four special indices were introduced in [5] and another two were proposed in [6] . However, there is no uniform standard defined for microgrid reliability indices so far. Many studies still follow reliability indices designed for the distribution system [7, 8] . In addition, two critical characteristics of microgrid are integrated μSs and its autonomous control. Some publications were focusing on those two features [9, 10] , A more recent study attempted to investigate the quantitative impact of cyber network failures on microgrid reliability [11] .
In above approaches, the failure rate of component is measured by a constant value, which is provided by the manufacturer or obtained from the statistical data. The impacts of operating condition are ignored in the indices calculation. However, the analysis in [12] indicates that the increase in transfer capacity at line will amplify its failure probability. Furthermore, the probabilities of generator tripping and load shedding increase with the continued deviation of voltage. Hybrid condition-dependent outage models for transformer and transmission line were further proposed to include the impacts of various operating conditions [13] .
Those previous results indicated that operating conditions have a significant impact on the reliability performance of transmission system only after multiple faults. The major reason for this phenomenon is that 'N-1' security constraint is normally designed for transmission systems. However, no such preventive measure is normally designed to guarantee the security of microgrid. The purpose of this paper is to investigate the necessity of considering operating condition in the reliability evaluation of a microgrid. This paper is organized as follows: in section 2, a component failure rate model is proposed to measure the relationship between component failure rate and state variables; in section 3, an optimization model based on FCCP is established for reliability index calculation; in section 4, scenario technology is used to draw distinctions among the operation modes of microgrid; furthermore, a fuzzy simulation is adopted to handle fuzzy factors involved; in section 5, proposed model and approach are tested in a small microgrid system; a summary is given in section 6.
Failure Rate Modeling for Feeders
Generally, the failure rate of a feeder is measured by its annual statistical result based on an assumption that this feeder is operating under its rated condition. However, the microgrid has versatile operating conditions due to its multiple operation modes and integrated small-scale μSs. Abnormal operating conditions occasionally happen, such as overcurrent, overvoltage and under-voltage. Furthermore, bi-directional power flows may occur in microgrids, which is different from the conventional distribution network. Thus, there is a significant necessary to integrate the operating condition in evaluating feeder failure rate.
In this study, voltage U and current I are selected to represent the state variables of a feeder. Let λ 0 be the longterm statistical result of the failure rate and λ be the one considering operating condition. λ could be evaluated by two introduced coefficients h(U) and h(I),
Overvoltage and undervoltage coefficients
The variation in voltage magnitude is a significant parameter in the measurement of power quality. According to the criterion of power supply in China, the allowable variation ε is set to 5% or 7% (the former has been adopted in this study). The maximum variation, which is represented by δ, is regarded to be related to customer demand on power quality or the setting value of protective relay. Thus, a piecewise function h(U) is designed to describe the voltage related coefficients, as shown in Fig. 1 and explained as follows. In the normal condition, conventional failure rate λ 0 is deployed to λ, or h(U)=1.
operate since the state variable exceeds its allowable limits. The feeder will be loss of power until fault recovery. If the short-term period ΔT is comparable to the repair time of the feeder, λ can be approximated by 1/ΔT [14] . The expression of h(U) is
A linear function is deployed to fit the relationship between h(U) and U,
Overcurrent coefficient
h(I) is analyzed in a similar way. Assuming I N is normal rating value and I S is short-time rating value, which are defined in [15] , the expression of h(I) is explained in (5) and Fig. 2 . Fig. 2 . The impact of current on short-term failure rate
Short-time Reliability Evaluation Model.
Scenario technology is introduced to handle the stochastic environment related to operating environment. In addition, parameters involved in failure rate models are simulated using fuzzy numbers and investigated based on credibility theory.
Operating condition related reliability indices
Many μSs are fundamentally dependent on weather condition. For example, photovoltaic arrays rely on illumination and its ambient temperature must be in a special range for normal operation. Similarly, wind turbine generator delivers power only within a special speed limit. Although weather conditions could not be forecasted accurately with current weather forecasting technology, annual meteorological data follows certain regularity in the location of microgrid. Those meteorological data including ambient temperature E(t), illumination S (t) and wind speed V (t) can be obtained from local meteorological department.
Each combination of E(t), S(t) and V(t)
is defined as a scenario represented by σ, as shown in (6) . Scenario σ is distinguished by the values of three parameters.
Considering those three parameters are continuous variables, scenario number is a tremendous value. Therefore, meteorological data are discretized in the following way: the same value is deployed for all sampling parameters at the range within an individual step. Assuming n (σ e ) is the number of scenario σ e , N σ is scenario types and f is sampling frequency, their relationship is described in (7). 
Subsequently, six reliability indices defined for distribution system [16] are modified to evaluate the reliability of microgrid considering operating conditions, 
where, N is the number of load points; ξ i (σ e ) is average failure rate of ith load point LP i under scenario σ e ; ω i (σ e ) is average outage time of LP i ; m i is the number of customer at LP i ; D i (σ e ) is load demand at LP i .
Optimization model
Although factors including ε, δ, I N and I S rely on the property of a feeder, human experience and decision always play an important role in determining those parameters. In addition, some operating constrains are mathematically soft constraints, such as U ≤ (1+ε)U N and I ≤ I N . Thus, those parameters are subject to a subjective uncertainty and they are represented by a fuzzy variable ρ in this study. Assuming ρ is determined by a triangular fuzzy value (ρ 1 , ρ 2 , ρ 3 ), its membership function ( ) μ ρ is shown in Fig. 3 ) (ρ μ ρ Fig. 3 . The membership of fuzzy number According to the above analysis, each defined reliability index F k (k =1, 2,…, 6) is also a fuzzy value and it is handled based on credibility theory [17] . In each scenario, short-time reliability indices are calculated by an optimization model based on FCCP. The objective function is chosen as the γ k -pessimistic value of reliability index
Subject to:
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where, Λ i is the set of nodes which are connected to node i; θ ij is the phase angle difference of feeder ij; g ij is the resistance of feeder ij and b ij is reactance; G P,i / G Q,i is the power output of μS; D P,i / D Q,i is active/reactive load demand at node i;
Constraints (16) and (17) represent power flow equations; constraints (18) 
Solution Process
A failure mode and effects analysis based hybrid approach is proposed to calculate reliability indices.
Load point classification
All feeder failures contributed to the reliability indices of load points are enumerated. Protective devices including relays and fuses then operate to limit failure impacts in a certain area. Subsequently, the whole system is divided into several subsystems according to the switch statuses of breaker, disconnector and tie switch. For a good explanation, load points LP i (i=1, 2, …, N) under lth fault (l=1, 2, …, M, M is the feeder number) are classified into four classes, as given in Table 1 .
Class A: this class is not connected to any backup power sources and they will be loss of power until fault recovery. Its outage time r il is depended on mean repair time t r . Class B: no influence. Class C: the load recovery of this class is after disconnector operation. r il is fault isolation time t d . Class D: r il relies on available power from μS or tie switch with surplus capacity. r il is the sum of t d and load transfer time t c . In some cases, only y% of load demand can be restored for a load point; and then r il is corrected by t',
This classification is based on a premise that a fault has happened. LP i may be categorized into different classes under different faults.
Four classes of load points have different priorities in load recovery. Breadth-first search strategy is adopted to determine load restore sequence. Load point with the closest electrical distance from μSs is recovered first. If more than one load points have the same electrical distance, load importance is used as a priority rule.
Calculation of customer reliability indices
Three hypotheses are first introduced to evaluate customer reliability indices: Taking LP 1 in Fig. 4 as an example, the evaluation process of its reliability indices is summarized in Table 2 and analyzed as follows, It will be recovered only after l 1 is repaired. 25). A bisection search is employed to find the maximal value f k which is used to estimate
The procedure of fuzzy simulation is shown in Fig. 5 and main steps are given as follows.
Step 1) Generate a fuzzy vector Step 2) Calculate a membership vector v m =μ(ρ m );
Step 4) Return f k as the estimation value of F k,M .
Step 5) Repeat steps 1 ~ 4 N σ times.
Step 6) Calculate the reliability indices according to (8)- (13).
Case Study
The microgrid system proposed in [18] is chosen as a test system and some modifications were made by the authors in [14] . This system comprises 11 nodes, 12 main feeders and 10 load points (LP). U N is 400V and δ is set to 10%. This study generates four kinds of fuzzy parameters by multiplying a triangular fuzzy factor (0.9, 1.0, 1.1).
Comparisons of reliability indices
A simulation was implemented to compare the proposed approach with the conventional approach, in which λ 0 is used to assess the failure rate of each feeder. The reliability performances of feeders, customers and the system are presented as follows.
Feeder reliability
The failure rates of feeders except for two tie lines are compared in Fig. 6 . It can be noticed that feeder failure rates increase remarkably in the proposed approach. For example, maximalratio of two cases is close to 2.86 times at No.8 feeder. In addition, the failure rates of No.1 and No.2 feeders have two biggest values due to the fact that they are two longest feeders. Some effective measures are needed on them to improve their reliability indices.
Customer reliability
Average annual outage times of load points are compared On the other hand, μS development will not help customers to decrease their failure rate of power supply. However, it can shorten outage time and recover power as soon as possible.
System Reliability
Six indices defined in (8) ~ (13) are compared in Table 3 . In the conventional approach, it is assumed that all feeders are operating under normal conditions. Therefore, only statistical results of feeder failure rates are used in the evaluation process. The achieved reliability indices turn out to be optimistic results. It can be found in Table 3 that the most significance difference between two cases is SAIFI. Its deviation reaches more than 50%. 
Impacts of operating condition
Reliability indices related to system and customers are calculated based on the failure rates of feeders; therefore, this section only studies the relationship between operating condition and feeder failure rate. In Fig. 8 , the horizontal axis shows main feeders; the vertical axis shows load rate (| I |/I N ) and voltage deviation ΔU (ΔU=|U-U N |). Bar graph represents outage rate per unit length, which is different from the curves in Fig. 6 . 
Reliability indices of microgrid with different penetrations
μSs are normally installed near to load points; therefore, they can potentially improve customer and system reliability indices. This section investigates system reliability indices and the penetration level of μS. A penetration factor η is defined as,
where G(σ e ) is total power output of μS in scenario σ e and D(σ e ) is total load demand. The simulation of SAIFI is shown in Fig. 9 . SAIFI could not be improved when η is larger than 0.4528. In other words, there is a limitation for SAIFI improvement through μS installment. This conclusion holds a significant value in 
Pessimistic values under different confidence levels
The confidence level is one of the most important parameters in the FCCP based model. Fig. 10 shows that γ k -pessimistic value F k,M is monotonic increasing along with confidence level γ k . The larger γ k is, the larger value F k,M is needed to satisfy the inequality 'F k ≤ F k,M '. Thus, only a small reliability index can be expected when a large value of confidence level is demanded.
Conclusion
This paper investigates the impacts of operating condition on microgrid reliability. The simulation on a microgrid test system demonstrates the necessity for analyzing component failure rate in the microgrid reliability evaluation. It also shows that customers in a microgrid could not have the same reliability benefit of power supply at different locations and periods. 
